We developed a polyatomic cluster ion beam system for materials processing, and polyatomic clusters of materials such as alcohol and water were produced by an adiabatic expansion phenomenon. In this article, cluster formation is discussed using thermodynamics and fluid dynamics. To investigate the interactions of polyatomic cluster ions with solid surfaces, various kinds of substrates such as Si (100), SiO 2 , mica, polymethyl methacrylate, and metals were irradiated by ethanol, methanol, and water cluster ion beams. To be specific, chemical reactions between radicals of polyatomic molecules and surface Si atoms were investigated, and low-irradiation damage as well as high-rate sputtering was carried out on the Si(100) surfaces. Furthermore, materials processing methods including high-rate sputtering, surface modification, and micropatterning were demonstrated with ethanol and water cluster ion beams.
I. INTRODUCTION
Ion-assisted materials processing has generated interest in surface treatments, such as deposition and etching, [1] [2] [3] [4] and has been responsible for advancements of functional materials. Ion beam technology is one example of ionassisted material processing that has recently attracted attention due to the controllability and variety of ion beams that can be used. For example, the energy, current, and size of the ion beams can be controlled over a wide range by applying electric and magnetic fields, and they are used in applications such as focused ion beams, ion rockets, accelerators, and fusion reactors. [5] [6] [7] [8] [9] [10] In addition, ion beams can transfer mass and material properties, which is not possible with other beams, such as electron or laser beams. By controlling the kinetic energies as well as by selecting the ion species, ion beams can be used for surface treatments such as implantation, sputtering, and deposition.
It is very hard to transfer a high-current beam of low-energy ions, because the space charge effect is enhanced. Highly accelerated ion beams can be used to sputter the material surface; however, they are also responsible for irradiation damage to the surface. There is a trade-off between a high sputtering rate and a low damage irradiation, although material processing with damage-free sputtering is of course desirable. Chemical sputtering results in less irradiation damage than physical sputtering. Because physical sputtering is caused by a transfer of momentum from incident particles to surface atoms, it results in irradiation damage to the surface of materials. During chemical sputtering, ion bombardment facilitates a chemical reaction that produces weakly bound particles, which are easily desorbed into the gas phase. 11 The release of the weakly bound particles is mostly thermally driven, and the irradiation damage caused by ion bombardment is less than that caused by physical sputtering.
In a polyatomic molecule, various kinds of radicals such as alkyl and hydroxyl radicals are available, and these play important roles in chemical erosion and chemical sputtering. For example, hydroxyl radicals are used for surface oxidation and alkyl radicals such as methyl and ethyl radicals are used for chemical sputtering and chemical vapor deposition. In addition, a cluster state of polyatomic molecules has several unique features, for example, the clusters enable a link between the atomic state and bulk state. The physical and chemical properties of clusters are different to those of the bulk state. 12, 13 Using cluster ion beams, simultaneously low-energy and high-current ion beams can be realized. The impact of cluster ions on solid surfaces is characterized by several unique irradiation effects, which include a high energy density, high mass density, multiple collisions, and low-energy-irradiation effects. [14] [15] [16] [17] [18] For example, the high-energy-density irradiation effect enhances the surface temperature of the impact region, which enhances the chemical reactions occurring on the surface. The multiple collision effect enhances the lateral motion of constituent atoms (or molecules) on the surface, which contributes to the formation of a flat surface. Therefore, polyatomic cluster ion beams have unique properties, which allow chemical sputtering and chemical modification of material surfaces to be performed at room temperature by adjusting the incident energy of cluster ions. [19] [20] [21] [22] Furthermore, the formation of highly functional surfaces can be achieved by surface treatments such as implantation, sputtering, and deposition. The functional properties of materials can be altered by modifying their intrinsic properties using these techniques. In addition, the formation of functional surface structures by sputtering and smoothing at the nanolevel opens up a new field of application for these material processing techniques. With regard to the source materials used for these processes, liquid materials are more appropriate than gaseous materials as they tend to have more radicals in their polyatomic molecules than gaseous materials. In this article, we focus on liquid materials, such as alcohol and water, and produce polyatomic clusters by exploiting an adiabatic expansion phenomenon. Furthermore, the interactions of polyatomic cluster ions with solid surfaces are investigated to clarify the cluster physics and chemistry involved in the materials processing, and the transfer of incident momentum and energy. The surface reaction dynamics are discussed from a theoretical and experimental viewpoint. Applications of the materials processing methods are demonstrated with polyatomic cluster ion beams, including high-rate sputtering of surfaces, surface modification, and micropatterning.
II. EXPERIMENTAL PROCEDURE
A. Cluster ion beam system Figure 1 is a schematic diagram of the polyatomic cluster ion beam system. The details of the system have been described elsewhere. 23 Liquid materials such as alcohol and water are placed in a metal box, which serves as a source for the production of clusters. The liquid materials are heated up to 150°C by a wire heater attached around the source, and the vapors of the liquids are ejected through a nozzle into a vacuum region. As shown in Table I , the vapor pressure increases with an increase in the source temperature. The vapor pressure is monitored by a pressure gauge connected to the cluster source. When the vapor pressure is large, for example, 1 atm for ethanol and water or 5 atm for methanol, vaporized clusters are produced by an adiabatic expansion phenomenon without the addition helium gas. The converging-diverging supersonic nozzle is made of glass and has a throat diameter of 0.1 mm.
The produced polyatomic clusters pass through a skimmer and a collimator, and then enter an ionizer. Inside the ionizer, the neutral clusters are ionized by electron bombardment. The electron voltage for ionization (V e ) was adjusted to be between 0 and 300 V, and the electron current for ionization (I e ) was adjusted to be between 0 and 250 mA. The cluster ions are accelerated by applying an extraction voltage to the extraction electrode.
The extraction voltage was adjusted to be between 0 and 2 kV. The extracted cluster ions are separated according to size using a retardation potential method, and the clusters used were larger than 100 molecules per cluster. The cluster ion beams with large clusters are accelerated toward a substrate, which is placed on a substrate holder. The acceleration voltage (V a ) was adjusted to be between 0 and 10 kV. The beam size at the substrate holder was adjusted by an electrostatic lens to be approximately 2 cm in a diameter. The substrates used were silicon (Si), mica, polymethyl methacrylate (PMMA), and metal films. To allow for a comparison with a Si surface, SiO 2 films were also irradiated by the polyatomic cluster ion beams. The SiO 2 films were thermally grown on the Si substrates to a thickness of 500 nm. A background pressure of 6 Â 10 -7 Torr was maintained around the substrate using the diffusion pump.
B. Cluster formation
Vaporized-molecule cluster formation can be treated as a gas-fluid phase transition. The theoretical description is based on the three-body collision of a molecule (M), which is described as follows 24, 25 :
If the local temperature is less than the binding energy of the dimer, dimer formation (n 5 2) is stabilized. After dimers such as M 2 are formed, they act as condensation nuclei for cluster growth. If the ratio of molecules to clusters is high, a cluster growth will occur through the addition of monomers. Thus, nucleation and growth occur through the birth of small molecular clusters that form and grow by molecular collisions. The clusters are formed in the transition region between hydrodynamic flow and molecular flow. No collision occurs in the molecular flow region.
Classical nucleation theory is based on two fundamental assumptions or approximations, one of which is that classical nucleation is an equilibrium process. Another assumption is that the equilibrium distribution of clusters can be obtained by assuming that the free energy of a cluster is equal to the sum of the free energy of the same number of molecules in the bulk state and the free energy due to the surface of the cluster. The thermodynamic theory shows that the change in the Gibbs free energy (ΔG) during the formation of a cluster of radius r is given by 26
where V c is the specific volume per molecule in a cluster, T is the vapor temperature, r is the surface energy, and S is the saturation ratio (P/P ∞ ) of the vapor pressure (P) to the equilibrium vapor pressure (P ∞ ). Table II shows the surface energy of various liquids exposed to the air at room temperature. 27 Water has a larger surface energy than alcohols such as methanol and ethanol. It should be noted that the surface energy of a cluster with a radius of r is different from the surface energy of the bulk state. The surface energy of a cluster is given by 28
where d is a correction parameter in the range of 0.25 to 0.6 times the intermolecular distance and r 0 is the surface energy for a plane surface of the bulk state. A plot of ΔG versus r, calculated from Eq. (2), has a maximum at a radius of r*, which is given by
This is defined as the radius of the critical nucleus. Clusters with a radius smaller than r* are unstable and dissociate by evaporation. In contrast, larger aggregates are stable and grow due to the condensation. Taking into account the surface energy, the critical nucleus of water is larger than that of alcohol. Because the critical nucleus is typically of atomic dimensions, the use of bulk thermodynamic quantities for such small clusters is questionable. Instead of the thermodynamic theory, statistical or atomistic theory should be applied to model the nucleus formation and growth. 25 Furthermore, the collisions between molecules and clusters increase with increasing vapor pressure, which results in the growth of clusters. According to the thermodynamics and the fluid dynamics, the cluster beam intensity depends on the source pressure (P 0 ), nozzle diameter (D), and the source temperature (T 0 ). The cluster beam intensity is also proportional to the scaling parameter (f), which is described as follows [29] [30] [31] :
where c and T b are the specific heat ratio and the boiling temperature of the source materials, respectively. The source temperature is normalized to the boiling temperature. The beam intensity is related to the number of collisions in the vapor during the supersonic expansion and is evaluated by the parameter f. When the nozzle diameter is fixed, the beam intensity increases with increasing source pressure. However, it should be noted that polyatomic clusters consisting of molecules such as water and alcohol contain hydrogen bonds. In this respect, polyatomic clusters are different from monatomic gas clusters such as argon (Ar) clusters, which are loosely coupled to each other by a van der Waals force. Furthermore, because hydrogen-bonded liquids undergo intermolecular interactions such as rotations and vibrations, the theoretical determination of the critical radius and nucleation rate is different than for monatomic clusters. Therefore, a moderate cluster formation and growth is required to generate polyatomic clusters. 25, 32 C. Size distribution
The cluster size was measured by a time-of-flight (TOF) method. To make a TOF measurement, the accelerated cluster ions first entered a flight tube, and they were deflected by a negative voltage pulse. Due to the application of this voltage, the cluster ions drifted towards a Faraday cup mounted at the end of the flight tube, which detected the ions. The acceleration voltage for the cluster ions was 6 kV, and the pulse voltage was 2 kV. The duration time and the repetition rate of the pulse voltage were 10 ls and 100 Hz, respectively. The drift distance was 0.51 m. The cluster size was calculated based on the drift time, which ranged from microseconds to milliseconds and varied depending on the mass of the cluster ions. Figure 2 shows the size distribution of clusters at different vapor pressures for ethanol clusters, methanol clusters, and water clusters. It was assumed that the cluster ion was a singly charged particle. It was not possible to distinguish between a doubly charged cluster ion and a singly charged cluster ion with half the mass of the doubly charged cluster in the TOF measurement. As shown in Fig. 2 , the peak size increases with increasing vapor pressure, and it is approximately 1000 molecules for ethanol clusters, approximately 3000 molecules for methanol clusters, and approximately 2500 molecules for water clusters at a certain vapor pressure. The values of T b and c are 351 K and 1.13 for ethanol and 373 K and 1.33 for water, respectively. In addition, the value of P 0 (T b /T o ) c/(cÀ1) at a pressure of 3 atm is 2.1 atm for water and 1.4 atm for ethanol. The size of stable water clusters increases more rapidly with vapor pressure than the size of stable ethanol clusters, and thus, the peak size of water clusters becomes larger than that of ethanol clusters above a certain vapor pressure. As a result, water clusters are easier to produce than the ethanol clusters at the same vapor pressure. With regard to the size of stable methanol clusters, the values of T b and c for methanol are 338 K and 1.26, respectively. The value of P 0 (T b /T o ) c/(cÀ1) at a pressure of 7 atm is 3.2 atm for methanol, and because of this, methanol clusters can be formed that are larger than the water and ethanol clusters.
III. INTERACTION OF POLYATOMIC CLUSTER IONS WITH SOLID SURFACES

A. Theoretical modeling
A cluster is an aggregate of a few tens to several thousands of atoms (or molecules). The impact effects of cluster ions are quite different to those of monomer ion irradiation. Figure 3 is a schematic illustration of the transfer of incident momentum of cluster ions as well as the physical and chemical sputtering of solid surfaces with polyatomic cluster ions. Because the cluster diameter of several thousand molecules is a few nanometers in size, the clusters penetrate a solid surface over an area of only a few nanometers, which causes multiple collisions between cluster molecules and surface atoms. Therefore, the incident energy of a cluster ion is deposited at the surface of the material, and this dense energy deposition results in an enhancement of the sputtering yield.
In addition to a high sputtering rate, cluster ion irradiation also gives rise to the lateral sputtering effect, 16, 33 which enhances sputtering due to the interaction between the material surface and the shock waves produced by the cluster impact. When cluster ions impact on the solid surface, clusters are broken up into individual molecules, and some molecules also exhibit fragmentation if the incident energy of ions becomes higher. Sputtered particles have a lateral momentum on the surface, and this momentum is expected to cause a smoothing of the surface. As well as the lateral sputtering effect, cluster ions are characterized by low-energy irradiation. Because the kinetic energy of a molecule in a cluster is equal to the total cluster energy divided by the cluster size (i.e., the number of molecules in the cluster), low-energy ion irradiation can be realized using cluster ion beams at relatively high acceleration voltages. Therefore, cluster ion beams cause much less irradiation damage than monomer ion beams. With regard to the high sputtering rate, chemical and physical sputtering play an important role in cluster ion irradiation even at room temperature. During cluster ion impact, chemical products are produced by the cluster ion irradiation. The rate of chemical reaction (v) of multiple reaction paths is described as follows 34 :
where N is the number density of polyatomic molecules such as ethanol, methanol, and water molecules, h is Planck constant, k is Boltzmann constant, T is the temperature of polyatomic molecules after impact, Q i (i 5 1,2,. . .,n) is the activation energy for the ith reaction path, and n is the number of each reaction path. The equation indicates that the rate of chemical reaction increases with increasing temperature. Furthermore, the reaction path with the lowest energy barrier will have the fastest reaction rate, and such a chemical reaction will preferentially occur. When polyatomic cluster ions impact on the surface of a solid, the cluster ions are broken up and multiple collisions between polyatomic molecules and surface atoms occur. As a result, many surface atoms are displaced and transferred into a random vibrational state, which results in the local area being in a high-temperature state. Thus, the incident energy of the cluster ions can be used for local heating of the impact region on solid surfaces. In molecular dynamic simulations, the temperature of the cluster impact region was a few tens of thousands of degrees, although the substrate was at room temperature. 35, 36 In this case, the thermal vibration frequency of the polyatomic molecules, which is expressed by kT/h in Eq. (7), would be extremely high.
On the other hand, the barrier height for the chemical reaction is expressed by Q i /kT, and this becomes relatively low at high temperatures. As a result, several chemical reactions may occur almost at the same time even over a very short time due to cluster ion irradiation, and the enhancement of these chemical reactions is the origin of the high sputtering rate. During chemical sputtering by ethanol cluster ion irradiation, the dissociation of ethanol molecules is necessary to produce various kinds of radicals. To study the dissociation process of an ethanol molecule, a firstprinciples calculation was performed using the computer software Materials Studio (Accelrys Co., Tokyo, Japan). Figure 4 shows snapshots of the impact of an ethanol molecule with different incident energies on the Si(111) surface. The bonding energy for the Si-Si bond was assumed to be 2.3 eV. Furthermore, the bonding energy of other bonds such as C-H, C-C, C-O, and O-H in ethanol was fixed at 4.3, 3.6, 3.7, and 4.8 eV, respectively. As shown in Fig. 4 , for the incident energy (E 0 ) of 2.87 eV, the ethanol molecule reflects from the Si surface after impact, and the Si surface deforms without breaking any Si-Si bonds. When the incident energy is 12.0 eV, the ethanol molecules sometimes dissociate on impact into C 2 H 5 O and H radicals, as shown in Fig. 4(b) . The C 2 H 5 O radical is absorbed into the Si surface, and the H atoms are desorbed from the surface. Si-Si bonds in the surface material are broken, which produces defects. At the incident energy (E 0 ) of 17.3 eV, more atomic bonds in the ethanol molecules and the Si surface are broken, as shown in Fig. 4(c) . These results indicate that there is no irradiation damage at low incident energies, i.e., below a few eV, and the dissociation of the ethanol molecule requires an incident energy of approximately 12 eV. It should be noted from the experimental data that the energy dependence of defect formations on the Si(111) surface due to cluster ion irradiation was similar to that for the Si (100) surface 37 because the Si surfaces were in the amorphous state when irradiated by cluster ions. Therefore, the difference in the surface planes is not sensitive to the surface reaction processes such as absorption and dissociation, which are considered to occur in an energy range of a few electron volts to a few tens of electron volts per molecule under irradiation by ethanol cluster ions.
B. Sputtering rate and chemical reactions
The sputtered depths of Si(100) and SiO 2 surfaces by polyatomic cluster ion irradiation were measured using the DEKTAK-3173933 step profiler by Veeco Instruments (Tokyo, Japan). Figure 5 shows the dependence of sputtered depth on acceleration voltage for alcohol and water cluster ions. The electron voltage for ionization (V e ) was 200 V, and the electron current for ionization (I e ) was 200 mA. The vapor pressure was 3 atm for ethanol and water and 7 atm for methanol. Only clusters larger than 100 molecules per cluster were used, and the ion dose was maintained at 1.0 Â 10 16 ions/cm 2 . As shown in Fig. 5(a) , the Si(100) surfaces are more sputtered than the SiO 2 surfaces, and the sputtered depth increased with increasing acceleration voltage. When the acceleration voltage was 9 kV, the sputtered depth of the Si surfaces by the ethanol and methanol cluster ion irradiation were 475 and 1497 nm, respectively. Taking into account the sputtered depth and the ion dose, the sputtering yield was calculated by first estimating the density of Si and SiO 2 to be 2.42 and 2.63 g/cm 3 , respectively. The sputtering yield of Si at an acceleration voltage of 9 kV for the ethanol and methanol cluster ions was found to be 246 and 776 atoms per ion, respectively, which is a few hundred times larger than that obtained using Ar ion beams. The sputtering ratio of Si to SiO 2 is approximately 10. This significant difference in sputtering yields arises from the volatility of the reaction products and the difference in binding energies of the materials. This suggests that the chemical reactions between Si atoms and alcohol molecules produce silicon hydride and silicon hydrocarbide, which are known to be the dominant etching materials for Si surfaces.
Hydrogen atoms and alkyl radicals play an important role in the chemical sputtering of the Si surfaces. They react with the Si surface atoms as follows: 
Si
In these chemical reactions, the silicon hydride and silicon hydrocarbide materials are volatile compounds and are ejected from the substrate surface.
For water cluster ion irradiation, which is shown in Fig. 5(b) , the sputtered depths of Si and SiO 2 are very similar. The sputtering yield at an acceleration voltage of 9 kV was 17.8 atoms per ion for Si and 17.1 molecules per ion for SiO 2 , which is approximately 10 times larger than that obtained using Ar monomer ion irradiation. After bombardment of the Si surface by the water cluster ions, surface oxidation occurs. The oxidation process of the Si surface is described as follows:
Si þ OH ! SiOH ; ð16Þ
The resulting OH radicals have important roles in the oxidation process due to the implantation and diffusion processes. Because the silicon oxide layer has a higher surface binding energy than the Si surface, there are fewer chemical effects due to sputtering of the oxide layer. Instead, physical sputtering occurs due to the bombardment of cluster ions with a higher energy than a few tens of electron volts per molecule, although the number of cluster ions involved in physical sputtering is small. The incident energy of the cluster ions, which is larger than the chemical sputtering energy, is transferred to the oxide layer by the physical sputtering process. As a result, the sputtered depth of Si surfaces is similar to that of SiO 2 surfaces. Figure 6 shows the dependence of sputtered depth due to water cluster ion irradiation for Si(100) and SiO 2 surfaces on the ion dose. As shown in Fig. 6 , the sputtered depth increases with increasing ion dose. However, the sputtered depth for the Si(100) surface does not increase linearly with increasing ion dose, and it increases gradually toward a certain depth at an ion dose of 1.0 Â 10 16 ions/cm 2 . At a lower ion dose of 1.0 Â 10 14 ions/cm 2 , the ratio of the sputtered depth of the Si(100) surface to that of the SiO 2 surface is approximately 10, which indicates that chemical erosion of the Si surface such as silicon hydride occurs, resulting in an enhancement of the chemical sputtering of the Si surface. When water cluster ions are irradiated on the Si surface, some of the water molecules dissociate into OH radical and hydrogen atom. Therefore, both oxide and hydride reactions on the Si surface occur during the initial stage of irradiation, for example, the formation of silicon oxide and silicon hydride. However, the oxide reaction rather than the hydride reaction increases with increasing ion dose, so that the Si surface becomes oxidized, which results in a decrease in chemical sputtering by the hydride reaction. As a result, the sputtered depth of the Si(100) surface at the ion dose of 1.0 Â 10 16 ions/cm 2 is similar to that of SiO 2 .
The surface state of the Si(100) substrates after irradiation by the ethanol, methanol, and water cluster ion beams was investigated using x-ray photoelectron spectroscopy (XPS) measurement. Figure 7 shows the depth profile of the XPS peaks for the irradiated Si(100) surface. After etching the surface by 0.5 nm, the oxygen (O1s) and carbon (C1s) peaks in the spectra of samples irradiated by ethanol and methanol clusters disappear, as shown in Figs. 7(a)-7(d) . This indicates that ethanol and methanol molecules or their fragments are present on the irradiated Si surfaces, and they are not implanted into the Si surface. On the other hand, the silicon (Si2p) peak for the Si(100) surface irradiated with water cluster ions, which is shown in Figs. 7(e) and 7(f), is shifted to a higher value of binding energy, which corresponds to the peak for SiO 2 . The peak decreases with increasing depth, and another peak corresponding to the Si surface is observed. At a depth of 10.5 nm, the SiO 2 peak disappears, and only the Si peak is observed. In addition, the O1s peaks move to a lower value of binding energy at larger depths. The peak intensity decreases with increasing depth, and it is very weak at a depth of 10.5 nm. This indicates that the silicon oxide layer is formed by water cluster ion irradiation, and the oxide layer thickness is approximately 10 nm.
C. Irradiation damage
Low-energy-irradiation effects can be significant for cluster ion beams. The irradiation damage by polyatomic cluster ion beams was investigated using the Rutherford backscattering spectrometry method. Figure 8 shows the number of displaced atoms for the Si(100) surfaces irradiated at different acceleration voltages by alcohol cluster ions and water cluster ions. For comparison, the irradiation damage caused by Ar monomer ion beams is also shown. The electron voltage for ionization (V e ) was 200 V, and the electron current for ionization (I e ) was 200 mA. The ion dose was 1.0 Â 10 15 ions/cm 2 . The vapor pressure was 3 atm for ethanol and water and 7 atm for methanol. Only clusters larger than 100 molecules per cluster were used. As shown in the figure, the number of displaced atoms increased with increasing acceleration voltage. The number of displaced atoms due to cluster ion irradiation is less than that for Ar monomer ion irradiation at the same acceleration voltage. With regard to cluster ion irradiation, the incident energy of a molecule is the accelerating energy divided by the cluster size, and this is very low. Therefore, irradiation damage caused by alcohol and water cluster ion beams is less than that caused by Ar monomer ion beams. In addition, at an acceleration voltage of 1 kV the number of atoms displaced by ethanol cluster ion irradiation is the same as that of the Si(100) surface prior to irradiation. Because the incident energy of an ethanol molecule is less than 10 eV, a damage-free surface can be obtained using the lowenergy-irradiation effect of the ethanol cluster ion beams.
IV. MATERIALS PROCESSING WITH POLYATOMIC CLUSTER ION BEAMS
A. Exploiting high-rate sputtering
Sputtering has generally been regarded as an undesired effect that destroys the electrodes and the targets in experimental apparatus such as ion sources and electron microscopes. However, in recent years, the sputtering phenomenon has been used in many applications and has become an indispensable technique in deposition, etching, and cleaning processes. [38] [39] [40] A high sputtering rate is a key factor for improving the throughput. The sputtering yields for various kinds of metal and Si surfaces irradiated by ethanol and water cluster ion beams were investigated. Figure 9 shows the sputtering yields for Al, Si, Ti, Ni, Cu, Ag, and Au surfaces at an acceleration voltage of 9 kV. Small clusters were separated using the retardation potential method, and the clusters used were larger than 100 molecules per cluster. In Fig. 9 , the sputtering yields due to irradiation of Ar monomer ion beams at the same acceleration voltage are also shown, and these agree with the values estimated by computer simulations. 41 As shown in the figure, the sputtering yield due to water cluster ion irradiation is approximately 10 times larger than that caused by Ar monomer ion irradiation. In addition, selective sputtering on different metal surfaces takes place. When this occurs, the water cluster ion irradiation on metal surfaces causes physical sputtering. Even if the incident energy of a water molecule as a constituent molecule of a cluster ion is less than 90 eV per molecule, sputtering can occur. As well as the multiple collision effect, the high-energy-density irradiation effect also enhances the sputtering yield compared with that obtained by Ar monomer ion irradiation.
On the other hand, in the case of ethanol cluster ion irradiation, Al, Ti, and Ni surfaces as well as Si surfaces are sputtered more effectively, and the sputtering yield is approximately 100 times larger than that due to Ar monomer ion irradiation. This is thought to be due to the enhancement of chemical sputtering, in which alkyl compounds of the metal are formed as a volatile product. Alkyl radicals, such as CH 2 , CH 3 , C 2 H 4 , and C 2 H 5 , are included in an ethanol molecule and are produced after the impact of ethanol cluster ions on the metal surface. These radicals play an important role in the chemical reactions of cluster ions with the atoms on the metal surface. As described previously, based on Eq. (7), all chemical reactions involving these radicals can occur because the impact area of the cluster ions becomes extremely hot. Even if the substrate is at room temperature, nonequilibrium chemical reactions take place on the substrate surface in the presence of ethanol cluster ion irradiation. With regard to metal surfaces such as Cu, Ag, and Au, chemical reactions with the alkyl radicals are rare, and the physical sputtering of these metal surfaces occurs due to ethanol cluster ion irradiation.
PMMA is a polymer with a molecular structure of CH 3 CCH 2 COOCH 3 . PMMA has attracted interest as an organic glass, and it has been used in various kinds of chemical devices such as microreactors. Figure 10 shows the sputtering yield for PMMA surfaces irradiated at different acceleration voltages by ethanol and water cluster ion beams. Taking into account the sputtered depth and the ion dose, the sputtering yield was calculated by first estimating the density of PMMA to be 1.19 g/cm 3 . As shown in Fig. 10 , the sputtering yield increases with increasing acceleration voltage, and the yield was found to be 206 molecules per ion for water cluster ion irradiation and 134 molecules per ion for ethanol cluster ion irradiation at an acceleration voltage of 9 kV. The high sputtering rate of PMMA substrates occurs because of the ejection of sputtered particles as a monomer unit due to the cluster ion irradiation. This is different to the monomer ion irradiation case, where all the bonds in the polymer substrate are easily broken by the irradiation of highenergy monomer ion beams.
Furthermore, water cluster ion irradiation exhibits higher sputtering yields than ethanol cluster ion irradiation at different acceleration voltages, and sputtering even occurs at acceleration voltages lower than 6 kV. For PMMA substrates irradiated by water cluster ions, it is thought that the chemical erosion of the substrate surfaces occurs through the exchange of the CH 3 radical in COOCH 3 with an H atom of the water cluster or through the exchange of an OCH 3 radical with an OH radical. Therefore, the PMMA surface changes to a polymethacrylic acid surface, which has a melting point lower than room temperature and is dissolvable in water. The impact of water cluster ions on the changed surface enhances the ejection of methacrylic acid molecules in the monomer state from the surface. Thus, the high sputtering rate of PMMA surfaces is achieved by both the chemical erosion of the surface and the momentum transfer of the incident energy of the water cluster ion irradiation.
B. Tailoring the surface morphology
The cluster ion beam process results in unique surface morphology characteristics after bombardment compared with conventional monomer ion beams. When a cluster impacts on a solid surface, a crater structure is formed due to multiple collisions as well as the energy transfer of the cluster ion to the surface. 42 The single trace of a cluster impact has been studied with atomic force microscopy (AFM), and the crater diameter was measured from an AFM image. Figure 11 shows the AFM image of the mica substrate surface prior to irradiation and a single crater image of a 9 keV ethanol cluster impact on the substrate surface. The irradiation with ethanol cluster ions was performed at an ion dose of 1.0 Â 10 10 ions/cm 2 to prevent overlapping of the craters. An AFM image of the mica surface at the atomic level is shown in Fig. 11 , although the depth resolution of the AFM is affected by the shape of the tip. The mica substrate is a good choice for the AFM observation to trace the impact of a single cluster ion. In addition, a donut shaped trace is observed on the mica surface irradiated by the ethanol cluster ions, and the inside and outside diameters of the crater are approximately 7 and 17 nm, respectively. This diameter is larger than that of the few nanometer diameter of a single cluster, and an increase in this diameter occurs due to an enhancement of the dissociation of ethanol molecules after impacts of high-energy cluster ions. Thus, the crater is formed due to the high density and nonlinear irradiation effects of ethanol cluster ions irradiation, although crater formation is not realized through a linear cascade of binary collisions caused by impacts of monomer ions. Figure 12 shows AFM images for the mica surfaces irradiated by ethanol cluster ions at acceleration voltages of 3, 6, and 9 kV. The ion dose was 1.0 Â 10 12 ions/cm 2 , and the clusters used were larger than 100 molecules per cluster. As shown in Fig. 12 , the number and the average diameter of the impact trace increase with increasing acceleration voltage. A few traces were observed with an acceleration voltage of 3 kV, and the number of traces was approximately 0.01 times smaller than the ion dose. This indicates that the threshold energy for formation of a trace on the mica substrate is approximately 30 eV per molecule because cluster ions smaller than 100 molecules were removed from the beam. When the acceleration voltage is larger than 3 kV, the number of traces increases with increasing acceleration voltage. This is ascribed to the fact that the number of cluster ions with incident energy larger than the threshold energy increases with increasing acceleration voltage.
Physical sputtering by cluster ion irradiation is an effective technique to reduce the surface roughness. However, when the initial surface is smooth, i.e., with a roughness less than 1nm, the irradiated surface becomes rough. This is ascribed to the irradiation effect of cluster ions with a diameter of a few nanometers. Furthermore, for the case of chemical sputtering by cluster ion irradiation, the surface roughness increases with an increase of the sputtered depth. This is similar to other chemical etching processes such as plasma and conventional ion beam methods. Therefore, the surface roughness changes depend on the irradiation conditions such as the incident energy and ion dose.
The sputtered Si surfaces were measured by using the AFM. Figure 13 shows the surface morphology for the Si(100) substrates sputtered by ethanol, methanol, and water cluster ion beams. The acceleration voltage was 6 kV, and the ion dose was 1.0 Â 10 16 ions/cm 2 . An AFM image of the substrate prior to irradiation is also shown in the figure, and the surface roughness was 0.18 nm. Compared with Si(100) surface prior to irradiation, the sputtered Si(100) surfaces become rough and the surface roughness was 0.93 nm for ethanol cluster ion irradiation, 2.08 nm for methanol cluster ion irradiation, and 0.78 nm for water cluster ion irradiation. Although polyatomic cluster ion irradiation exhibits a high sputtering rate, it results in a smooth surface at the nanolevel even after sputtering.
C. Change in surface wettability
Surface modification is an advanced method for tailoring material properties, which has a central role in chemical, biological, and materials science, and in applied science and engineering. [43] [44] [45] The modification of the hydrophilic and hydrophobic properties of material surfaces is very important, and the control of these properties has attracted much attention. Furthermore, the wettability of surfaces is influenced by the presence of polar groups and the surface roughness. The wettability of substrate surfaces irradiated by ethanol and water cluster ion beams was investigated by measuring the contact angles for water droplets, which were placed on the surfaces immediately after removable from a vacuum chamber. Figure 14 shows the contact angles for Si(100) surfaces irradiated at different acceleration voltages by ethanol and water cluster ion beams. The ion dose was 1.0 Â 10 15 ions/cm 2 . Cluster larger than 100 molecules per cluster was used. In Fig. 14, the contact angle for the surface prior to irradiation is also shown. As shown in Fig. 14, the contact angle increases with increasing acceleration voltage of ethanol cluster ions, and the hydrophobic property of the Si(100) surface is enhanced at higher acceleration voltages. The contact angle for the Si(100) surfaces irradiated by the ethanol cluster ions may decrease with increasing acceleration voltage because the surface roughness increases with increasing acceleration voltage. However, our results exhibit the opposite behavior, and this is not due to the topological change of the Si(100) surface. This is ascribed to the chemical adsorption of ethanol molecules on the Si(100) surface.
For ethanol cluster ion irradiation, dissociative adsorption of an ethanol molecule occurs and surface bonds such as hydrogen and ethoxy (C 2 H 5 O) groups form through the scission of O-H bonds. [46] [47] [48] In the adsorption reactions, the ethoxy groups are oriented such that the axis of the methyl group is nearly perpendicular to the surface, unlike the case for ethoxy groups bound to metal surfaces. Because the methyl group is hydrophobic, the number of these groups increases with increasing acceleration voltage, resulting in an increase in the contact angle.
In contrast, for the case of water cluster ion irradiation, the contact angle decreases with increasing acceleration voltage, and the hydrophilic property of the Si(100) surface is enhanced at higher acceleration voltages. As a result, the wettability of the Si(100) surface is greatly enhanced by the irradiation of the water cluster ions. This is ascribed to the chemical modification of the Si(100) surfaces by the OH radicals, which are produced after cluster ions impact the Si(100) surfaces. Therefore, the dangling bonds produced on the Si(100) surfaces are bound to the ethoxy groups through an oxygen atom for ethanol cluster ion irradiation and to the hydroxyl radicals for the water cluster ion irradiation. Because of this, a large range in surface wettabilities is accessible by adjusting the acceleration voltage of the ethanol and water cluster ions.
To clarify the difference between the chemical modification of the Si(100) surfaces caused by ethanol and water cluster ion irradiation, the optical transmittance was measured by Fourier transformed infrared spectroscopy (FTIR). Figure 15 shows the transmittance of the Si(100) surfaces irradiated by ethanol and water cluster ions for the wave numbers of 2700-3200 cm À1 and 800-1300 cm À1 , respectively. For the ethanol cluster ion irradiation, vibration peaks around 3000 cm À1 appear in the FTIR spectra. These peaks correspond to CH 3 and CH 2 , which are not observed in the spectra for water cluster ion irradiation. On the other hand, in the spectra between 800 and 1300 cm À1 , vibration peaks representing molecules such as Si-O-Si, Si-OH, and SiH 3 appear for water cluster ion irradiation. These peaks are not observed in the spectra for the ethanol cluster ion irradiation. Taking into account the contact angle measurement for the irradiated surfaces, the Si(100) surface atoms form a bond with the alkyl radicals after ethanol cluster ion irradiation and with the hydroxyl radicals after water cluster ion irradiation.
The wettability of the titanium (Ti) surfaces irradiated by ethanol and water cluster ion beams was investigated. Figure 16 shows the dependence of the contact angles on the acceleration voltage used for the cluster ion irradiation. The ion dose was 1.0 Â 10 15 ions/cm 2 . The clusters used were larger than 100 molecules per cluster. The contact angle for the surfaces prior to irradiation was also measured, and it was approximately 30°. As shown in Fig. 16 , the contact angle for ethanol cluster ion irradiation decreases with increasing acceleration voltage, and it is less than 10°at an acceleration voltage larger than 6 kV.
From quadrupole mass spectroscopy measurement, it was found that fragmentation of the ethanol molecules occurred after impact of ethanol cluster ions, in which the main fragment was a CH 2 OH radical. Therefore, the CH 2 OH radical is connected to the Ti surface atoms through Ti-CH 2 bonding, and the top radical of this bond, i.e., an OH radical, enhances the wettability of the Ti surface. On the other hand, the contact angle for water cluster ion irradiation becomes large at various acceleration voltages, and it is approximately 80°. The Ti surface becomes hydrophobic as a result of water cluster ion irradiation. This is ascribed to the chemical modification of the Ti surfaces by the OH radicals, which are produced after the water cluster ions have impacted on the surfaces. The dangling bonds produced on the Ti surfaces share a bond with the OH radicals, which results in the formation of a titanium oxide layer on the surfaces. Thus, surface modification for Ti surfaces is performed through the attachment of radicals, and it varies depending on cluster ion species as well as the irradiation conditions e.g., the acceleration voltage. In addition, surface modification by polyatomic cluster ion beam irradiation is similar to the formation of self-assembled monolayers, e.g., gold and thiol, which occur during a wet process. [49] [50] [51] This is expected to open up new fields in materials processing.
D. Micropatterning
To demonstrate an engineering application of highrate sputtering and low-damage irradiation by ethanol cluster ion beams, a patterning process was performed on the Si(100) surface with a photo resist mask. Line, circle, and square mask patterns were commercially available and were prepared on a Si(100) substrate by Yamanaka Semiconductor Co. Ltd (Kyoto, Japan). The line width was in the range of 0.5 to 3 lm. The thickness of the photo resist film coated on the Si(100) substrate was approximately 1 lm. Figure 17 shows the scanning electron microscope (SEM) images for the lines patterned with ethanol cluster ion beams. The acceleration voltage was 9 kV, and the ion dose was 5.0 Â 10 15 ions/cm 2 . After the ethanol cluster ion irradiation, the photo resist film on the Si(100) surface was removed by rinsing with acetone. As shown in the figure, the edge with a line width of 3, 1, and 0.5lm is straight, and the micropattern has been clearly prepared by the ethanol cluster ion beam. Also, the measured sputtered depth was approximately 0.22 lm, and this increased with the increase of the ion dose. A sputtered depth of 0.75 lm was obtained at the ion dose of 2 Â 10 16 ions/cm 2 , and the maximum depth available was limited by the resist film thickness. Figure 18 shows SEM images for plane views of circle and square patterns with convex pattern and concave patterns prepared on the Si(100) surfaces by irradiation of ethanol cluster ions. The acceleration voltage was 9 kV, and the ion dose was approximately 5.0 Â 10 15 ions/cm 2 . The diameter of the circle and the edge length of the square were both 60 lm, and the spacing for the circle and square patterns was 10 lm. As shown in Fig. 18 , the pattern edge is sharp and the sputtered surface (bright area) is a flat plane. The convex and concave patterns are both similar to the mask patterns, and the detailed periodic structures such as circles and squares could be prepared using ethanol cluster ion irradiation. This is ascribed to the chemical sputtering of the Si(100) surface by the directional ethanol cluster ion beams, which occurs preferentially over physical sputtering. Most of the volatile particles ejected from the Si surface may evaporate in normal direction, even after they migrate towards the corner or the edge of the pattern. Figure 19 shows the micropatterning of a PMMA substrate demonstrated with water cluster ion beams. The acceleration voltage was 9 kV, and the ion dose was 3.0 Â 10 16 ions/ cm 2 . As shown in the figure, a micropattern representing the letters "KYOTO" was etched onto the PMMA substrate and the sputtered depth of the substrate was approximately 10 lm. The high sputtering rate of the PMMA substrate is due to the chemical sputtering by water cluster ion irradiation. However, the width of a letter prepared by water cluster ion irradiation is larger than the original one, i.e., .50 lm. This increase of the width is ascribed to the surface diffusion of water molecules on the PMMA surface under the mask by the water cluster ion irradiation. If the contact of the mask on the substrate could be improved, a sharp-edged pattern would be achieved.
V. CONCLUSIONS
We developed a polyatomic cluster ion beam system for materials processing, and various kinds of clusters such as ethanol, methanol, and water clusters were produced by using the adiabatic expansion phenomenon. The intensity of the clusters increased with increasing vapor pressure, and the peak size was approximately 1000 molecules per cluster for ethanol clusters, approximately 3000 molecules per cluster for methanol clusters, and approximately 2500 molecules per cluster for water clusters. The cluster formation of pure vapors was discussed, and the surface energy as well as the specific heat ratio and the boiling temperature were found to influence the cluster formation.
To investigate the interactions of polyatomic cluster ions with solid surfaces, Si(100) substrates and SiO 2 films were irradiated at different acceleration voltages. The ratio of sputtered depth for Si(100) and SiO 2 surfaces was approximately 10 for ethanol and methanol cluster ion irradiation, and the sputtering yield of Si(100) surfaces at an acceleration voltage of 9 kV was a few hundred times larger than that obtained by Ar monomer ion irradiation. The chemical sputtering of Si surfaces by ethanol and methanol cluster ion beams was enhanced through the transfer of incident energy even at room temperature. Based on theoretical modeling, highly dense energy deposition enhanced the temperature of the cluster impact region, and several chemical reactions leading to chemical sputtering occurred almost at the same time even over a very short time. On the other hand, for the water cluster ion irradiation, the ratio of the sputtered depth for Si(100) and SiO 2 surfaces was almost unity at an ion dose of 1.0 Â 10 16 ions/cm 2 , and the physical sputtering of Si(100) surfaces was found to occur through surface oxidation. However, at a lower ion dose of 1.0 Â 10 14 ions/cm 2 , the chemical sputtering of the Si(100) surface through silicon hydride occurred, and the sputtering yield was larger than that of an SiO 2 surface. Furthermore, with regard to the irradiation damage of Si(100) surfaces, the number of atoms displaced by ethanol, methanol, and water cluster ion irradiation was smaller than that displaced by Ar monomer ion irradiation. Also, the surface roughness of Si(100) surfaces increased after sputtering, and it was still less than a few nanometers. Thus, polyatomic cluster ion beams demonstrate unique irradiation effects, which have not been obtained by conventional monomer ion beams.
With regard to materials processing using ethanol and water cluster ion beams, various kinds of substrates such as Si(100), mica, PMMA, and metals were irradiated at room temperature by adjusting the acceleration voltage. The polyatomic cluster ion beams exhibited a high sputtering rate and selective sputtering for these substrates. To demonstrate an engineering application of high-rate sputtering as well as low-irradiation damage by polyatomic cluster ion beams, micropatterning was performed on Si(100) and PMMA substrates. Line patterns with a width of 0.5, 1, and 3 lm, were prepared on Si(100) surfaces by ethanol cluster ion irradiation. Also, several periodic structures such as circles and squares with convex and concave types were formed at the microlevel using ethanol cluster ion irradiation. Furthermore, the micropatterning of PMMA substrates was demonstrated with water cluster ion beams. To demonstrate another application of materials processing, the wettability of Si(100) and Ti surfaces was investigated. The contact angle and FTIR measurements indicated that the surface modification was performed through the attachment of the radicals on the surface, which changed depending on the cluster ion species as well as the acceleration voltage.
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